The migration of Lyme disease spirochetes (Borrelia burgdorferi) toward salivary gland extracts (SGEs) of vector ticks was determined by a modified U-tube chemotaxis assay. Responses of cultured spirochetes to the SGEs were measured by dark-field microscopy at intervals after the initial inoculation. The average numbers of spirochetes that migrated were compared between U-tubes containing either SGEs or phosphate-buffered saline (PBS). Spirochetes showed increased migration in tubes containing SGE, and migration was approximately 10-20-fold higher than that for spirochetes observed in tubes containing PBS. In addition, the span of migration showed no significant difference relative to the origin of spirochete isolation. These results demonstrate that spirochete migration can be enhanced by SGEs from fed vector ticks. This mechanism may contribute to the novel transmission of Lyme disease spirochetes between cofeeding infected and uninfected ticks in nature.
INTRODUCTION
In nature, the etiologic agent of Lyme disease (Borrelia burgdorferi) is transmitted solely via the bites of vector ticks, and the inoculated spirochetes remain localized at the site of inoculation for more than two days after an infected tick has detached. 1, 2 The appearance of expansion of the pathognomonic erythema migrans rash and the ability to cultivate spirochetes from the advancing margin of skin rash demonstrate that the skin is the most preferable site for spirochete migration prior to a systemic dissemination. [3] [4] [5] Prompt excision of the attachment site of an infecting tick actually aborts subsequent persistent infection in a rodent host. 1, 2 In addition, differential motility of B. burgdorferi in an environment similar to the ground substance of the skin is consistent with the suggestion of percutaneous migration of Lyme disease spirochetes in hosts. 6 Accordingly, dermal dissemination plays an important route in migration and transmission of Lyme disease spirochetes within hosts.
In addition to the non-systemic transmission of arbovirus between cofeeding infected and uninfected ticks, [7] [8] [9] acquisition of Lyme disease spirochetes by uninfected Ixodes ticks that are feeding simultaneously with infected ticks has also been observed. 10, 11 Due to the long-lasting feeding process of ticks, tick salivary gland and its related secretions must play an important role not only in the spirochete transmission, but also in the acquisition of spirochetes. Spirochetes have been shown to be delivered via salivary dissemination by vector ticks, 12 and the efficiency of acquisition of spirochetes by vector ticks correlates directly with the duration of attachment of the feeding ticks. 13, 14 In case of tick-borne virus, salivaactivated transmission factors are thought to enhance the non-viremic transmission between cofeeding ticks. [15] [16] [17] However, the mechanism responsible for this, as well as the factors responsible for the accumulation of spirochetes toward the tick feeding site, are not known.
Lyme disease spirochetes may be attracted to the tick feeding site by the salivary gland secretions of vector ticks. To explore this possibility, we conducted an in vitro chemotaxis assay to determine whether the salivary gland extract (SGE) of vector ticks has enhancing effects on the migration of B. burgdorferi. In addition, the protein content of SGE derived from the feeding ticks that had fed on hosts for various time intervals after tick attachment was also determined.
MATERIALS AND METHODS

Ticks.
The ticks used in this study were the fourthgeneration progeny of adult deer ticks originally swept from the Crane Wildlife Reservation (Ipswich, MA). They were maintained free of inherited spirochete infection, as previously described. 14 This tick colony had been introduced to and maintained in our laboratory since December 1996. All ticks were maintained in mesh-covered, plaster-bottom plastic vials at 22°C, a relative humidity of 95%, and with 16 hours of light per day.
Spirochete strains. Two strains of spirochetes were used in this study. The spirochete isolate JD1 was originally derived from naturally infected deer ticks at an endemic site (Crane Wildlife Reservation), as previously described. 1 The spirochete isolate TWKM 3 was cultured from the ear tissue of field-trapped rodents in Taiwan, as previously described. 18 Both isolates react with B. burgdorferi-specific monoclonal antibodies [19] [20] [21] and were identified by species-specific DNA probes. 22, 23 In addition, the JD1 isolate is highly infectious to rodent hosts and is maintained in a system of alternative passage between deer ticks and laboratory mice. 1, 2, 14 All spirochetes used to evaluate chemotactic migration were maintained in BSK-H medium (B3528; Sigma, St. Louis, MO) supplemented with 6% rabbit serum (R7136; Sigma) and subcultured for less than five passages.
Animals. Groups of 4-5-week-old C3H mice and New Zealand White rabbits (weight ‫ס‬ 1-2 kg) used to maintain the laboratory life cycle of deer ticks were obtained from the animal supply centers of the National Cheng Kung University Medical Center (Tainan, Taiwan, Republic of China) and National Defense Medical Center (Taipei, Taiwan, Republic of China), respectively. All animals were caged at an ambient temperature of 22°C with 16 hours of light per day. All experiments conducted in this study followed the Guide for the Care and Use of Laboratory Animals, as published by the National Science Council (Taipei, Taiwan, Republic of China).
Preparation of SGEs of ticks. Salivary glands were dissected and collected from adult deer ticks that had fed on uninfected hosts for various intervals (0, 2, 4, and 6 days) after attachment. Briefly, the pooled glands collected from 30 adult ticks were rinsed with cold phosphate-buffered saline (PBS) containing 1 mM phenylmethylsulfonyl fluoride and subsequently homogenized in a 0.2-ml microtissue glass grinder (Wheaton Scientific Products, Millville, NJ). The homogenate was centrifuged at room temperature and the protein concentration in the supernatant fluid was determined with a Bio-Rad (Hercules, CA) protein assay kit with bovine serum albumin as the standard, as previously described. 24 For axenic analysis, the homogenates of tick salivary glands were further centrifuged at 10,000 × g for 10 minutes with a 0.22-m SPIN-X centrifuge filter (Costar, Cambridge, MA). The filtered supernatants of tick SGEs were stored at −20°C until used.
Chemotaxis assay. To ensure the optimal conditions for measuring the chemotactic migration of Lyme disease spirochetes, the technique used for the measurement was based on a U-shaped glass tube modified from the original method for analyzing the chemotaxis of Leptospires. 25 Briefly, the Ushaped glass tubes made from Pyrex glass were autoclaved and filled with separation medium that was semisolidified with 0.1% agar (Gibco/BRL, Gaithersburg, MD). The separation medium had a total length of approximately 30 mm and a volume of 0.6 ml. The volume of the spirochete inoculum and the tested chemoattractants was 0.1 ml ( Figure 1 ). The spirochete inoculum (∼2 × 10 6 cells) of JD 1 or TWKM 3 isolates from spirochetes cultured in BSK-H medium was gently inoculated onto the top of the separation medium of one side (inoculum site) of each U-shaped tube. The top of the other side (uninoculated site) of each U-shaped tube contained the same volume of filtered SGE derived from the unfed ticks (D0) or ticks that had fed on a host for two days (D2), four days (D4), and six days (D6), respectively. For comparison, the uninoculated site in some tubes contained the same volume of sterile PBS and served as a control. All tested U-shaped tubes were placed in a rack and covered with aluminum foil. After incubating at 34°C in a humidified CO 2 incubator (Nuaire, Inc., Plymouth, MN), 5-l volumes from each U-shaped tube were removed from the top of the medium on the uninoculated site at various intervals (12, 24, 36, and 48 hours) after the initial inoculation. The number of spirochetes that migrated was examined with a dark-field microscope (400×, Model BX-60; Olympus Co., Tokyo, Japan) and measured in a Petroff-Hausser counting chamber (no. 3900, Hausser Scientific Co., Horsham, PA). Each U-shaped tube was measured three times and the average numbers of spirochetes that migrated in four U-shaped tubes containing either SGE derived from various days (0, 2, 4, and 6 days) of feeding ticks or the control medium of PBS were recorded and compared.
Protein analysis by electrophoresis. For analysis of the protein contents of SGE, the filtered fluids of SGEs derived from ticks that had fed on hosts for 0, 2, 4, and 6 days were subjected to continuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12.5% homogeneous gels (approximately 0.5 g of protein per lane) in a minigel electrophoresis apparatus (PhastSystem, Pharmacia Biotech, Uppsala, Sweden) according to the instructions of manufacturer. The protein profiles of major protein bands of SGE were identified by staining with Coomassie brilliant blue (PhastGel Blue R; Pharmacia Biotech). The molecular masses of the major protein bands of SGEs were calculated by comparing their electrophoretic mobilities with those of molecular mass standards (14-94-kD marker; Pharmacia Biotech).
Statistical analysis. Continuous, normally distributed data of the average numbers of spirochetes that migrated in each U-shaped tube were recorded at various time intervals after initial inoculation of cultured spirochetes. Differences between the numbers of spirochetes that migrated toward the top of the uninoculated site in U-shaped tubes were analyzed by the Student's t-test. P values < 0.05 were considered significant.
RESULTS
In a preliminary experiment, we determined the optimal concentration of agar in the separation medium for the migration of cultured spirochetes. Groups of U-shaped tubes filled with separation medium that was semisolidified with various concentration (0%, 0.05%, 0.1%, 0.15%, and 0.2%) of agar were inoculated with 10 6 spirochetes on the top of one side (inoculated site) ( Figure 1a ). Spirochetes that migrated toward the SGE of unfed ticks in the top of the other side (uninoculated site) (Figure 1c ) were observed and measured 12 hours after the initial inoculation. Results indicate that the migration of spirochetes can be affected by increasing the concentration of agar in the separation medium. The optimal concentration for spirochete migration was a 0.1% (w/v) concentration of agar in separation medium (Table 1 ). However, the higher concentration of agar (> 0.15%) in the separation medium may actually inhibit the migration of spirochetes toward SGE of unfed ticks. These observations indicate that spirochetes migrate progressively in separation medium in a suitable concentration of agar.
To determine the effect of SGE on the migration of Lyme disease spirochetes, cultured spirochetes were inoculated onto the top of one side of a U-shaped tube (Figure 1a ). The other, uninoculated side ( Figure 1c ) was treated with SGE derived from unfed ticks (D0) or ticks that had fed on a host for two, four, or six days, respectively. The inoculated spirochetes (JD 1 strain) migrate markedly from the inoculum sites toward the sites containing SGE at 12, 24, 36, and 48 hours after initial inoculation. This migration was 10-20-fold greater than that observed for spirochetes to sites containing PBS (Table 2) (P < 0.001, by Student's t-test). In addition, the numbers of spirochetes that migrated to the sites containing SGE progressively increased with the duration of time (hours) after the initial inoculum. The greatest numbers of spirochetes that migrated were observed in the sites containing SGE 48 hours after the initial inoculation. These observations indicate that spirochetes are attracted by SGEs and they migrate progressively toward SGE derived from the feeding vector ticks.
We then assessed the possibility of differential migration of Lyme disease spirochetes in relation to the different origins of spirochete isolation. The spirochete isolate of Taiwan (TWKM 3) was used to analyze spirochete migration in the same experimental conditions used for JD1 spirochetes. Results show that spirochetes move markedly toward the SGE of vector ticks in accordance with the duration of time (hours) after the initial inoculation compared with the migration to-ward PBS (Table 3 ). These differences were statistically significant (P < 0.01, by Student's t-test). However, the span of spirochete migration observed showed no significant difference between the JD1 and TWKM 3 isolates. These observations showed that spirochetes are attracted by the SGEs of vector ticks regardless of the origin of spirochete isolation.
The protein profiles of SGE from unfed ticks and ticks that had fed on uninfected hosts for two, four, or six days were analyzed by SDS-PAGE. Two dominant protein bands with molecular masses of approximately 14.4 kD and 28 kD were observed in all SGEs of vector ticks (Figure 2) . Their presence was independent of the feeding duration of the vector ticks. A third dominant protein band with a molecular mass of approximately 43 kD was observed in the SGE of ticks that had fed on hosts for four and six days. These observations demonstrate that the differential protein contents of SGE coincide with the duration of tick feeding.
DISCUSSION
Our study has investigated the chemotactic migration of Lyme disease spirochetes (B. burgdorferi) toward SGEs of vector ticks. Based on their anatomic structure, the feeding apparatus of Ixodes ticks is adapted for imbibing accumulated tissue fluids from a cavity created in the skin of the host, 26, 27 and dermal migration of spirochetes within hosts is suggested. 1, 13, 28 Our previous investigations also demonstrated that spirochetes can be acquired by the nymphal vector ticks as early as eight hours after tick attachment, and the efficiency of acquisition of spirochetes by feeding ticks was maximized (> 80%) at 48 hours after initial attachment of ticks. 14 Although differential acquisition of spirochetes by feeding ticks seems to be related to the span of time during which * Salivary gland extracts of unfed ticks (SGE0) or ticks that had fed on hosts for 2 days (SGE2), 4 days (SGE4), and 6 days (SGE6) were applied to the tops of the uninoculated sides and served as chemoattractant for inoculated spirochetes. The tops containing phosphate-buffered saline (PBS) served as controls. Average numbers of four U-shaped tubes from each experiment are compared. spirochetes accumulate at the site of tick feeding, the actual mechanism that affects spirochete migration to the tick feeding site is still unknown. Thus, the results of the present study provide the first evidence for a plausible mechanism of tick saliva and its related secretions in relation to the accumulation of spirochetes at the feeding sites of vector ticks.
Although transmission of Lyme disease spirochetes between cofeeding infected and uninfected Ixodes ticks in the absence of a systemic infection in the hosts had been reported, 10, 11, 13 the profound factors that may regulate the migration of spirochetes to the feeding ticks remain unclear. In the present study, spirochetes were dramatically attracted by the SGE of vector ticks and the efficiency of spirochete migration toward SGE was progressively increased with the duration of time (hours) after exposure to the SGE of vector ticks (Tables 2 and 3 ). These observations imply that the attractant factors for spirochete migration may be present in the SGE of vector ticks. Tick saliva and its related secretions have been shown to have various pharmacologic and immunologic properties that help maintain the prolonged feeding period of vector ticks on hosts. [29] [30] [31] In addition, salivaactivated transmission factors are thought to enhance the non-viremic transmission of virus between cofeeding ticks. 17 However, the attractant factors of SGE that may act at the skin site of tick attachment to attract and promote the spirochete migration need to be identified.
It is also possible that the increased numbers of spirochetes at the site of salivary homogenate inoculation may be due to the increased survival or replication of spirochetes caused by some enhancing factors in the salivary gland homogenate of vector ticks. This phenomenon of enhanced infectivity and replication by the salivary gland homogenates was also observed in other vector-borne infections. 32 However, our data in this study demonstrate that spirochetes migrate increasingly toward SGE, and that the numbers of spirochetes progressively increased with time after inoculation (Tables 2 and   3 ). Since Borrelia spirochetes have a low growth rate and show slow migration in the growth medium, 33, 34 there must be an attractant in the SGE that induces such strong spirochete migration toward SGE. Thus, the ability to induce positive chemotaxis of B. burgdorferi could be attributed to the chemotactic effects of SGE derived from vector ticks.
The epidemiologic significance of non-systemic transmission of Lyme disease spirochetes between cofeeding vector ticks may actually enhance the prevalence of spirochete infection in the tick population by prolonging the duration of infectivity of competent hosts. Although the time course of infectivity via the non-systemic pathway has not been fully confirmed, the transmission of Lyme disease spirochetes at localized skin sites on rodent hosts can apparently continue for at least several weeks after an infected tick bite. 10 In addition, spirochetes appear to be acquired by cofeeding ticks from a localized infection near the feeding site rather than from a disseminated infection in the skin or blood. 11 Our previous studies also demonstrated that spirochetes inoculated by an infecting tick remain localized in the skin of rodent hosts for at least 7-10 days after detachment of infected ticks, and these rodents become infectious to feeding larval ticks for two weeks thereafter. 1, 2 Thus, spirochetes may persist in the skin or certain tissues after deposition by infected ticks and be acquired via the skin by feeding or cofeeding ticks in response to repeated infestation by uninfected ticks.
The temporal overlap of various instars of cofeeding ticks on natural hosts may have a major impact on the relevance of cofeeding transmission and its significance to disease transmission. In non-viremic transmission of tick-borne encephalitis virus, the efficiency of transmission between cofeeding ticks is limited to the period of overlap of the infected and uninfected ticks on competent hosts. 9 For the Lyme disease spirochetes, cofeeding transmission may occur from infected nymphs to clean larvae or from infected larvae to clean nymphs. This depends on the seasonal abundance of these ticks on natural hosts. The increasing abundance of deer and rodents as hosts for all instars of I. scapularis (also called I. dammini) in North America would be beneficial to spirochete transmission between cofeeding larvae and nymphs. 35 Thus, the epidemiologic significance of cofeeding transmission of Lyme disease spirochetes between infected and uninfected ticks may rely on the possibility of seasonal abundance of various instars of ticks on the same natural hosts.
Differential protein constituents of SGEs during the prolonged feeding period of vector ticks may correlate with their various biological activities on the host and pathogen. The salivary glands of ixodid ticks increase greatly in overall size and protein content during the prolonged feeding period, 36 and tick salivary gland secretions contain various enzymes that may modulate the host immune response to tick feeding and enhance the transmission of many tick-borne pathogens. 30, 31 In the present study, the protein content of SGEs varied with the feeding duration of vector ticks. Two dominant proteins (14.4 kD and 28 kD) were detected in all SGEs during the feeding period of vector ticks, and a third dominant protein (43 kD) was detected only in SGEs during the later (4-6 days) period of tick feeding (Figure 2) . These observations confirm the previous reports regarding new protein synthesis in the salivary glands after commencement of feeding of vector ticks. 37, 38 Although differential protein contents has shown a correlation with the antigenic modification of secreted proteins in the salivary glands, 24, 37 the chemotactic effects of these proteins on the spirochete migration has never been reported. Further investigations on the identification and characterization of these feeding-induced proteins may help to elucidate the chemotactic factors involved in regulating the spirochete migration to feeding ticks.
In conclusion, our report describes the first observation of enhanced migration of Lyme disease spirochetes toward SGEs of vector ticks, and provides the first evidence for a plausible mechanism regarding the attraction of spirochetes to the feeding sites of vector ticks by SGE. Further studies focused on differential protein synthesis in SGE during tick feeding and its functional activities on spirochete migration would help facilitate our understanding of the mechanism of efficient transmission of Lyme disease spirochetes between cofeeding infected and uninfected ticks in the infectious cycle, as well as identify the factors that may participate in this mechanism.
